Cognitive training is increasingly used in the treatment of schizophrenia, but it remains unknown how this training affects functional neuroanatomy. Practice on specific cognitive tasks generally leads to automaticity and decreased prefrontal cortical activity, yet broadbased cognitive training programs may avoid automaticity and increase prefrontal cortex (PFC) activity. This study used quasirandomized, placebo-control design and pre/post neuroimaging to examine functional plasticity associated with attention and working memory-focused cognitive training in patients with schizophrenia. Twenty-one participants with schizophrenia or schizoaffective disorder split into two demographically and performance matched groups (nine scanned per group) and nine control participants were tested 6-8 weeks apart. Compared with both patient controls and healthy controls, patients receiving cognitive training increased activation significantly more in attention and working memory networks, including dorsolateral prefrontal cortex, anterior cingulate and frontopolar cortex. The extent to which activity increased in a subset of these regions predicted performance improvements. Although this study was not designed to speak to the efficacy of cognitive training as a treatment, it is the first study to show that such training can increase the ability of patients to activate the PFC regions subserving attention and working memory.
INTRODUCTION
Pioneering neuroimaging studies of learning suggested that complex skill acquisition involved a process by which the prefrontal cortex had an early active role, and was then gradually supplanted by more posterior activity patterns (Fletcher et al, 1999; Hempel et al, 2004; Koch et al, 2006; Petersen et al, 1998) . This suggested that attentiondemanding, controlled processes were entrained into more automatic, stimulus-response mappings. The shortcoming of this automatic learning is that it is highly stimulus bound and unlikely to be applicable outside the laboratory, classroom, or clinic. Recently, this orthodox view of limited skill generalization has been challenged by studies supporting the possibility of improving executive control processes across a number of different stimuli and tasks, with corresponding increases in prefrontal cortical function (Sohlberg and Mateer, 2001 ). Training techniques have been shown to increase activation in prefrontal cortex to support higher cognitive loads in healthy participants (Olesen et al, 2004) , stroke patients (Westerberg et al, 2007) , and children with ADHD (Klingberg et al, 2005) . This study evaluates whether prefrontal cortical brain activity of patients with schizophrenia could be increased in the same, stimulus-general, manner.
The wide-spread cognitive impairments in schizophrenia patients have a large impact on functional outcomes, but are often medication resistant (Green, 1996) . Thus, the allure of cognitive remediation for schizophrenia has grown in recent years following reports of reduced symptom expression (Medalia et al, 1998 (Medalia et al, , 2000 and improved cognitive (Spaulding et al, 1999) and work functioning (Wexler and Bell, 2005) in schizophrenia patients undergoing training on attention and working memory tasks.
Despite promising findings of the benefits of cognitive training in these treatment studies (McGurk et al, 2007) , the brain mechanisms underlying these changes are only beginning to be explored. For example, cognitive training has been shown to be associated with increases in serum BDNF, which is known to have a role in neuronal development (Vinogradov et al, 2009 ). This suggests that behavioral changes following training may be the result of functional plasticity, as distinct from increased automated processing following repetitive practice. In non-psychiatric subjects, repetitive practice often leads to reduced activation in prefrontal regions associated with task performance despite behavioral improvements (Koch et al, 2006) . Cognitive training in healthy subjects has produced a different pattern of results than training based on repetitive practice. Olesen et al (2004) have shown increased activation in middle frontal gyrus, and superior and inferior parietal cortices following cognitive training, suggesting that these techniques improve performance by increasing prefrontal cortical activity, although non-linear changes in prefrontal cortex have also been reported (Hempel et al, 2004) .
Functional changes with cognitive training in schizophrenia have yet to be examined rigorously. Patients with schizophrenia show prefrontal cortical functional abnormalities when performing cognitive tasks. The predominant pattern within dorsolateral prefrontal cortex has been hypofrontal, however, some data also show patterns of increased activity with load, or cortical inefficiency, in regions inferior and anterior to dorsolateral prefrontal cortex (Minzenberg et al, 2009) . Thus, it is currently unclear if behavioral improvements will be accompanied by increased activation, increased efficiency, or cortical reorganization in the various regions of prefrontal cortex that subserve executive functioning. Wexler et al (2000) presented preliminary evidence for a patient who showed normalization of function in the left inferior frontal cortex, a region of the brain involved in cognitive functions addressed by that training. Increases in activation in frontal and visual areas were also found in a subset of patients who showed the greatest behavioral improvement (Wykes et al, 2002) . While these studies led the way in showing the possibility of concomitant changes in brain activity with training, they could not rule-out the possibility that they occurred only in selected patients, or that they reflected increased motivation or allegiance effects (increased desire to comply with task demands to assist in the experiment) as no active control groups were considered.
This study was designed to further investigate biological mechanisms underlying performance changes from intensive cognitive training in working memory, a cognitive domain impaired in patients with schizophrenia (Glahn et al, 2005a; Lee and Park, 2005) . A group, random-effects analysis was used to evaluate the pattern of functional changes among cognitively trained patients compared with an active control condition, included to reduce confounds related to increased treatment, social contact, motivation or allegiance during testing. The final innovation of this study was to examine the generalization of function to an unpracticed domain and the specificity of the effects to the trained domains. We hypothesized that patients who receive cognitive training would show improved working memory performance and functional plasticity resulting in increased activation in prefrontal cortical regions associated with functional impairments in schizophrenia (Glahn et al, 2005a) , but that patients in an active control group and untrained healthy participants would not.
MATERIALS AND METHODS

Participants
The study included 21 schizophrenia and 9 control participants. Patients were medicated outpatients recruited through community drop-in centers and a hospital psychiatric day treatment program. Patients in the study were also required to be stable, in that medication types and dosages did not change during the course of the intervention and no patients were hospitalized during the study. Control participants were recruited through newspaper and flyer advertisements. After a complete description of the study, participants provided written informed consent. The University of Minnesota Institutional Review Board approved the protocol and consent process.
Patients' diagnosis was confirmed using the Structured Clinical Interview for DSM-IV (SCID)-patient version (First et al, 1994) . Healthy control participants were screened for the presence of lifetime Axis I psychotic or mood disorders using the SCID-nonpatient version (First et al, 1996) and for the presence of a first-degree relative with schizophrenia. Potential participants were excluded for seizure disorder and history of head injury with possible neurological sequelae, current substance abuse or dependence, or a NART score indicating an IQ below 80 (Nelson and Willison, 1991) . Of twenty-five patients who met criteria for inclusion in the study, four completed the pre-testing session but did not complete training or the post-test session, one because of a job opportunity and three for lack of attendance. Only 18 patients completed the neuroimaging component of the study due to MRI contra-indications or claustrophobia, though all behavioral measures were obtained outside the scanner for the other patients.
Eligible schizophrenia patients were divided into two groups; one group (N ¼ 10 total, 9 imaged) received computer-based cognitive remediation training (REM) and one group (N ¼ 11 total, 9 imaged) received cognitive behavioral social skills training (CBSST) (Granholm et al, 2005) . Patients continued with ongoing treatment, which remained consistent throughout the training period. Healthy control participants (CON) received no treatment. Quasi-random group assignment was made based on demographic characteristics and initial working memory performance. Although the groups did not differ significantly on age, race, gender, or parental education, the control group achieved a significantly higher level of personal education than either patient group (F(29) ¼ 3.683, p ¼ 0.039). The global assessment of symptoms (First et al, 1995) as well as measures of symptomotology, chronicity, and anti-psychotic medication dosage showed no significant differences between the two patient groups (Table 1 ). There were no differences between patient groups on other medications such as lithium (1 in REM,
Procedures
Testing protocol. Participants were tested in two identical sessions 6-8 weeks apart. Participants performed three tasks while undergoing the fMRI portion of the studyFa word 'N-back', a picture 'N-back', and a lexical decision task. Despite different task demands, they were designed to be as similar as possible in presentation and response requirements to improve comparisons of brain activation across tasks. In all tasks, a series of English words selected from the English Lexicon database (Balota et al, 2002) or animal pictures appeared on the screen for 500 ms with an inter-stimulus interval of 2000 ms and participants were required to press one of two buttons identifying each stimulus as a target or a non-target with targets presented on one-third of the trials. Participants practiced all tasks before scanning to ensure comprehension.
The 'N-back' tasks were modifications of a common working memory task (Gevins and Cutillo, 1993) . Each task included a 0-back condition used to identify brain activation related to basal cognitive task performance including encoding, deciding, and task participation and a 2-back condition requiring greater attention and executive working memory functions including updating and sequence maintenance. The word N-back task was practiced during the cognitive training sessions and was included in the testing sessions to show functional changes with practiced stimuli. The animal picture N-back was included to examine the generalization of functional changes to unpracticed stimuli. For each task, participants performed six 30-trial blocks of the 0-back and the 2-back in random order across two scan runs.
The lexical decision task was included to test specificity of functional changes, as it used cognitive functions furthest from those addressed by the training exercises but could benefit from nonspecific effects of treatment. In this task, participants were asked to identify each stimulus as a target or non-target, in which targets were defined as real, English words and non-targets were non-words. Trials were divided into blocks of 'easy' (average standardized accuracy of 98%) and 'hard' (average standardized accuracy of 88%) to parallel the cognitive loads of the working memory task. Participants performed six 30-trial blocks of the easy and hard conditions in random order across two scan runs.
Neuroimaging methods. Images were collected on 3T Siemens scanner using a standard CP head coil. Functional data were acquired using a standard EPI sequence (35 slices; TE ¼ 28; TR ¼ 2 s; flip angle ¼ 90; slice thickness ¼ 3.5 mm; base resolution ¼ 64; FOV ¼ 224). Slices were positioned along the anterior commissure-posterior commissure plane with reference to a high-resolution functional image. Image processing and analysis was carried out using FEAT (FMRI Expert Analysis Tool) Version 5.63, part of the FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). Within scan motion correction was performed using MCFLIRT (Jenkinson et al, 2002) and there were no significant group differences in movement parameters (Table 1) . Pre-statistics processing included slice-timing correction using Fourierspace time-series phase-shifting; non-brain removal using BET (Smith, 2002) ; spatial smoothing using a Gaussian kernel of FWHM 7 mm; mean-based intensity normalization of all volumes by the same factor; and high pass temporal filtering. Independent components analysis-based blind source separation was carried out using MELODIC (Beckmann and Smith, 2004) to detect and remove artifacts and structured physiological and movement-related noise. Finally, registration to the standard MNI152 template image was carried out using FLIRT (Jenkinson et al, 2002; Jenkinson and Smith, 2001 ).
Training protocol. Patients in the cognitive REM condition attended up to 25 h of training in small groups over 4-6 weeks based on the approach to cognitive remediation described by Wexler and Bell (2005) . Patients performed tasks designed to train attention and memory from the battery available within a computerized software package (CogPack Marker Software). This training protocol has been shown to improve memory and executive functioning in patients with schizophrenia (Sartory et al, 2005) and tasks chosen were designed to produce improved working memory and attention capacity in the treated group. In addition, patients in the REM group trained on the word N-back one to two times a week and on N-back tasks using a variety of other stimuli (such as faces) one to two times a week to support the generalization of working memory improvements. To assure that patients were adequately challenged, when patients reached 85% accuracy on a particular memory load (for example, 2-back) the memory load for that type of stimuli was then increased (for example, to 3-back). Patients in the CBSST group also attended up to 25 h of treatment but followed a manualized group therapy protocol (Granholm et al, 2005) using cognitive and behavioral therapy methods to increase patients' skills in symptom recognition, communication, problem solving, and relapse prevention. In both conditions, the facilitators interacted with the clients throughout small group (B4 patients) sessions: in the REM group, this mostly involved brief one-on-one discussions regarding task performance; in the CBSST condition, this interaction was in the context of the group milieu. The mean number of treatment hours did not differ across groups (Table 1) .
Statistical Design
Behavioral data analysis. Accuracy (%) and reaction times (ms) were recorded for the cognitive tasks and d' (Coombs et al, 1970) was calculated as a measure of signal detection. Change in behavioral performance was analyzed for all three tasks using a repeated measures analysis of variance (RM-ANOVA) testing the task by group by time interaction. Within this framework, group differences in change were evaluated using contrast analyses.
Functional data analysis. Time-series statistical analysis was carried out using FILM with local autocorrelation correction (Woolrich et al, 2001) . To reduce the number of voxel-wise statistical comparisons, increase the power to detect group differences, and avoid bias for subsequent analyses, data from all subjects and both time points (54 sessions) were combined to identify functional regions of interest (ROIs) for each task. Z-statistic images were thresholded using a cluster correction method to correct for multiple comparisons, as determined by Z42.3 to provide a brainwise cluster significance threshold of p ¼ 0.05 (Worsley et al, 1992) . A functional ROI produced by this method was then used to constrain analyses of group by time interactions in each task (word task ¼ 19 435 voxels, picture task ¼ 17 087 voxels, lexical task ¼ 12 476 voxels). These analyses were also thresholded at Z42.3 and cluster corrected for multiple comparisons within the smaller functionally identified ROIs only. Analyses were also performed on whole brain data. No significant group differences outside those found using the functional ROIs was noted and so reported results are for changes found within the functional ROIs.
RESULTS
Behavioral Results
An omnibus RM-ANOVA revealed no significant group differences between performance between tasks at pre-test (F(4, 48) ¼ 1.072, p ¼ 0.38) or post-test (F(4, 48) ¼ 2.073, p ¼ 0.12). Despite being matched on initial accuracy, there was a trend toward poorer signal detection (d') for the word working memory task in the REM group at pre-test when compared with CBSST and CON (F(1, 24) ¼ 3.21, p ¼ 0.06). There was also a significant difference on lexical decisionF hard performance at post-test between CON and the two patient groups (F(1, 24) ¼ 4.96, p ¼ 0.04), with the CON group showing better signal detection. Table 2 presents each groups' d' at each time point.
RM-ANOVA revealed that there were significant group differences in d' change within the high cognitive loads of the three tasks (F(4, 48) ¼ 3.386, p ¼ 0.016). These group differences in performance change were stronger in both working memory tasks than the lexical decision task and were driven by greater change in the REM group than in either the CBSST or CON groups (F(1, 24) ¼ 15.522, p ¼ 0.001). In the word working memory task, the REM group showed a greater change in d' than either other group (F(1, 24) ¼ 8.92, p ¼ 0.006). Although both REM and CON showed significant improvements at post-test (F(1, 9) ¼ 10.126, p ¼ 0.011, and F(1, 8) ¼ 12.064, p ¼ 0.008, respectively), the CBSST group did not. Furthermore, the REM compared with the CON group trended toward a greater degree of improvement (F(1, 17) ¼ 4.098, p ¼ 0.054). In the picture working memory task, REM showed greater difference in d' than either other group (F(1, 24) ¼ 10.14, p ¼ 0.004) due to significant improvement in the REM group (F(1, 9) ¼ 21.067, p ¼ 0.001) that was not found in the other groups. There were no differences in performance change on the lexical decision task.
There was a significant difference between the REM group and the CON group (F(2, 27) ¼ 2.756, p ¼ 0.041) on change in reaction time during the word working memory task due to a nonsignificant decrease in REM RT and a nonsignificant increase in CON RT. This effect was not found in the picture working memory task. Thus, training did not lead to a shift in the speed-accuracy relationship, although signaldetection improvements in the untrained CON group may have been related to this. Correlation analyses of demographic and clinical variables showed no significant relationships with performance (p's40.13). However, years of education was positively correlated with performance on both working memory tasks (word, r ¼ 0.42, p ¼ 0.13; animal, r ¼ 0.32, p ¼ 0.22).
Neuroimaging Results
Regions within the functional mask showing a group by time interaction were identified and changes in task activation in these regions were explored further. For the word working memory task, patients in the REM group showed a number of regions with a significant increase in activation greater than either the CBSST group or the CON group, as detailed in Table 3 and Figure 1 . These included regions in the frontopolar cortex (BA10), dorsal and dorsolateral prefrontal cortex (BA8/9 and 46), and anterior cingulate gyrus (BA24/32).
In the picture working memory task, patients in the REM group again showed a number of regions with a significant increase in activation greater than either the CBSST group or the CON group (Table 3 and Figure 1 ). These regions also included the frontopolar cortex (BA10), dorsolateral prefrontal cortex (BA6/9), and anterior cingulate gyrus (BA24/ 32), as well as the insula (BA13). In the lexical decision task no regions of activation change survived correction for multiple comparisons.
A logical AND operation was performed to identify regions of overlap between the activation maps generated in the word and picture N-back tasks (Table 3, Figures 2 and 3) .
A number of regions, including anterior cingulate, left dorsolateral prefrontal cortex, and bilateral frontopolar cortical regions, showed a significant increase in activation in the REM group but not the other two groups. Figure 2 shows the amount of functional change found in each group. Post hoc analyses within these regions of overlap reveal that greater change in activation correlated significantly with greater change in accuracy as illustrated in Figure 3 
DISCUSSION
This study provides evidence of generalized behavioral improvement and functional activation increases in prefrontal cortical regions following cognitive training in patients with schizophrenia. These results suggest that patients receiving cognitive training show improved performance in the trained domain irrespective of the kind of stimuli but did not strongly influence abilities further from the training task. This suggests the improvement was not simply due to experience with verbal stimuli, improved attention or motivation. The improvements in signal detection were significantly greater than changes seen in patients receiving an active control treatment, and were significantly greater than retest effects in non-psychiatric control participants in the picture working memory task. The inclusion of the active control condition provided further evidence that the functional changes can be interpreted as a result of the intervention. Only patients in the REM group trained on cognitive tasks, including the N-back. The CBSST patient control group did not show significant changes, suggesting that the training provided improvements beyond practice effects, regression to the mean, or other nonspecific factors. The normal control group provided additional information about normative performance on the task as well as practice effects. In some regions, the significant difference between functional change in the patient groups appeared partially due to a reduction in functional activity in the CBSST group. In most regions change in the CBSST group closely resembles change in the control group, supporting the notion that the reduction in activation may be related to the nonspecific practice effects of repeated testing. The significant group differences are largely because of the REM group differing from both patient and healthy control groups. In addition, while the normal controls did have more educational achievement (which is to be expected, as schizophrenia has a direct effect on educational attainment), REM performance shows that the intervention produced a functional and behavioral changes above even practice effects in the normal population.
The REM group's behavioral improvements were mirrored by functional increases in the prefrontal cortex. This work expanded on previous research showing fMRI changes following cognitive training (Wexler et al, 2000; Wykes et al, 2002) by introducing group-level analysis and showing stimulus-general yet training-specific effects. The anterior cingulate and dorsal/dorsolateral prefrontal cortices are involved in working memory maintenance and cognitive control processes and have reduced activity in patients with schizophrenia (Barch et al, 2002; Carter et al, 2001; MacDonald et al, 2000) . A supplementary analysis of 2-back Figure 1 Regions showing significantly greater post-test activity than pretest activity for the REM group compared with the CBSST or the CON group in the word 2-back task and the picture 2-back task. No significant group differences between pre-test and post-test activity were found in the lexical decision task. activity in the voxels within the mask at pretest found schizophrenia patients showed suggestive levels of impairment compared with controls for both the word (effect size d ¼ À0.50) and picture (effect size d ¼ À0.78) tasks, although this was not statistically significant. Increased functioning in these regions suggested that patients undergoing cognitive training show brain changes concomitant with the cognitive areas targeted by the training. Furthermore, three of these regions showed significant correlations between behavioral improvement and functional increase, similar to Wexler et al (2000) , who also showed a correlation between working memory performance change and functional activity change.
The bilateral frontopolar regions shown to have increased activity at post-test are involved with working memory tasks as well as tasks requiring executive control like the Wisconsin Card Sort (Buchsbaum et al, 2005) , emotional processing (Drobyshevsky et al, 2006) , episodic encoding (Hofer et al, 2003) , attentional modulation (Peterson et al, 1999) , and cognitive response conflict (Fan et al, 2003) . These regions also show abnormal functionality in patients with schizophrenia during working memory tasks (Johnson et al, 2006) . Basic studies suggest that BA 10 is involved in sub-goal processing and integration of information (De Pisapia et al, 2007) as well as control processes underlying activation of an attentional set or 'retrieval mode' rather than trial by trial retrieval (Velanova et al, 2003) . This literature suggests that the increased frontopolar activation was likely not due to trial-to-trial storage but rather executive control functions including increased hierarchical goal representations.
The results of this study suggest that patients show increasing functional activity in prefrontal working memory networks, rather than the decreased activity traditionally found as tasks become automated. Repetitive working memory training alone shows stimulus-specific practice effects (Sayala et al, 2006 ), yet we found significant functional changes that were not stimulus specific. In both tasks, improved behavioral performance was correlated with increased functional activity in a subset of the regions. Combined with the similarity of changes found in the practiced and generality tasks, these findings provide preliminary evidence of an increase in functional activity associated with working memory training. As patients with schizophrenia typically show hypofrontality when confronted with the same working memory task demands as control participants (Glahn et al, 2005b; Minzenberg et al, 2009) , an increase in activation within this network, along with behavioral improvement, suggests that following training these patients are showing functional activity more similar to unaffected individuals. This study was designed to detect underlying functional changes in brain activation rather than as a treatment study. Thus, although the findings provide evidence for a functional mechanism of plasticity underlying the effects of cognitive training in patients with schizophrenia, it was not designed to be sensitive to more subtle clinical or 'realworld' outcomes. Although the results are striking given the relatively short training, it is unclear from this study what the long-term consequences of training might be. The current pre-test/post-test design was also unable to fully characterize the dynamics of these changes over time. Also, the functional masks used may not cover the entire network used for task performance and may not include all regions susceptible to functional change. Finally, this study was designed to determine whether proximal generalization on working memory tasks might occur, which has historically been a central challenge in the learning theory (Singley and Anderson, 1989) . Subsequent work should also examine more distal generalization using a variety of working memory tasks, measures that simulate real-world situations, complex cognitive tasks with working memory components, as well as larger samples to replicate the current pattern of findings.
In summary, this study provides preliminary evidence that increases the prefrontal cortical function in patients with schizophrenia who undergo cognitive training can be detected using fMRI and corresponded to performance improvements. These improvements were not stimulusbound, but they were specific to training rather than the result of non-specific effects such as increased motivation. This compliments a larger literature on randomized clinical trials of cognitive training in schizophrenia. These imaging findings help to explain the mechanism of change underlying cognitive training protocols by suggesting that they lead to increases in activity in frontopolar cortex. This region of the brain is known to represent the attentional set brought online by cognitive control networks. This suggests that patients retain plasticity in brain circuitry responsible for the highest levels of cognitive processing, and reinforces the prospect of beneficial effects of cognitive training treatments in patients with schizophrenia. 
